Detailed heat transfer coefficient and film effectiveness distributions over a gas turbine blade with film cooling are obtained using a transient liquid crystal image technique. The test blade has three rows of film holes on the leading edge and two rows each on the pressure and suction sur- for CO2 injection. Results show that film injection promotes earlier laminar-turbulent boundary layer transition on the suction surface and also enhances local heat transfer coefficients (up to 80%) downstream of injection. An increase in coolant blowing ratio produces higher heat transfer coefficients for both coolants. This effect is stronger immediately downstream of injection holes. Film effectiveness is highest at a blowing ratio of 0.8 for air injection and at a blowing ratio of 1.2 for CO2 injection. Such detailed results will help provide insight into the film cooling phenomena on a gas turbine blade.
INTRODUCTION
In modern gas turbines, sophisticated cooling techniques are employed to cool the components from high temperature combustion gases. Some turbine blades are cooled by ejecting cooler air from within the blade through discrete holes to provide a protective film on the surface exposed to hot gas path. Many studies have presented heat transfer measurements on turbine blades with film cooling. Nirmalan and Hylton (1990) and Camci and Arts (1990) studied heat transfer coefficients on film-cooled turbine blades. Takeishi et al. (1992) compared the film effectiveness values for a stationary cascade with mainstream turbulence intensity under 4% and for a rotor blade using the heat-mass transfer analogy. Ito et al. (1978) and Haas et al. (1992) studied the effect of coolant density on film effectiveness on turbine blades under low mainstream turbulence levels. Ito et al. (1978) found that an increase in coolant-to-mainstream density ratio causes an increase in film effectiveness on both pressure and suction surfaces for a blowing ratio of 1.0. Haas et al. (1992) found that their results show the same trends as that of Ito et al. (1978) . They reported that an increase in coolant density for a low blowing ratio of 0.5 causes a decrease in film effectiveness on the suction surface. However, an increase in coolant density causes an increase in film effectiveness at higher blowing ratios. Abhari and Epstein (1994) conducted heat transfer experiments on a film-cooled transonic turbine stage in a short duration turbine facility. They measured steady and time-resolved chord-wise heat flux distributions at three spanwise locations. They concluded that film cooling reduces the time-averaged heat transfer by about 60% on the suction surface compared to the uncooled rotor blade. However, the film cooling effect on timeaveraged heat transfer is relatively low on the pressure surface.
Ou et al. (1994) simulated unsteady wake conditions over a linear turbine blade cascade with film cooling. They studied the effect of unsteady wakes on a model turbine blade with multiple-row film cooling using air and CO2 as coolants. They measured heat transfer coefficients and film effectiveness at discrete locations using thin foil heating and multiple thermocouples. Ou et al. (1994) reported that an increase in blowing ratio causes an increase in surface heat transfer coefficients, except in the transition region. They also reported the effect of coolant density on pressure and suction surface heat transfer coefficients. Mehendale et al. (1994) Flow Measurement Figure 3 presents the local-to-exit velocity ratio (V/V2) distribution around the blade. A pressure tap instrumented blade was used to measure the surface static pressure distributions which were then converted to local mainstream velocity distribution around the blade . The flow is accelerated significantly on the suction surface from leading edge to about 50% of the suction surface, after which the velocity decreases a little toward the trailing edge. On the pressure surface, the flow accelerates a little with a sudden increase in velocity just downstream of the leading edge to about X/PL 0.05. The flow then stays constant till X/PL 0.15 and then accelerates gradually toward the trailing edge. The pressure-tap-instrumented blade is of same profile as the heat transfer blade but does not have film holes. The prediction shown in Fig. 3 is lower due to lack of spanwise mixing of jets. Effectiveness downstream of injection from row $2 shows shorter streaks with the jets coalescing downstream. The high curvature of the blade and the boundary layer transition to turbulence in this region (Fig. 4) may be the reason for the shorter streaks. As the blowing ratio increases from M 0.4 to M 1.2, film effectiveness downstream of each injection hole row increases. Effectiveness is higher downstream of leading edge hole rows with short jet streaks. The effectiveness is significantly higher downstream of row S along the hole centerline. The streaks of high effectiveness are stronger and appear to mix with downstream row $2. Downstream of $2 also, the effectiveness is higher. As blowing ratio increases, more coolant is injected into the mainstream providing more protection to the surface. The effectiveness is as high as 0.2 at about X/SL 0.6 for M 1.2.
Effect on pressure surface. Effectiveness distributions on the pressure surface do not show as strong jet-like streaks as on the suction surface. Effectiveness levels are also not very high downstream of injection holes. As the blowing ratio increases, film effectiveness in the entire injection region increases due to increased amounts of coolant injected into the boundary layer.
There is lesser interaction between coolant and mainstream on 2-4, 5-6). Air injection simulates a density ratio of 1.0 whereas CO2 injection simulates a density ratio of 1.5. Film injection causes earlier boundary layer transition on the suction surface and enhances the Nusselt numbers over the entire surface, as indicated earlier. Effects of coolant density are limited to regions downstream of injection holes. Higher density coolant produces higher Nusselt numbers downstream of injection at the same blowing ratio. This effect is stronger on the suction surface. On the pressure surface, the density ratio effect vanishes immediately downstream of injection. Change in coolant density ratio has only a small effect on the already high Nusselt numbers produced by film injection. Figure 9 presents the span-averaged film effectiveness distributions for the same cases as for Fig. 8 . Film effectiveness on the suction surface is higher for CO2 injection at M 1.2. At a lower blowing ratio ofM 0.8, air provides higher effectiveness than CO2 injection. At low blowing ratio of 0.8, air has higher momentum (I 0.64) compared to CO2 (I 0.42) Figure 10 presents the effect of coolant-to-mainstream momentum flux ratio (I) on span-averaged Nusselt number ratios and film effectiveness values at three streamwise locations. All the locations shown in the figure are in the region between hole rows S and $2. The hole row S is at X/SL 1.2 and hole row 
